Background & Aims: gp96, or grp94, is an endoplasmic reticulum (ER)-localized heat shock protein 90 paralog that acts as a protein chaperone and plays an important role for example in ER homeostasis, ER stress, Wnt and integrin signaling, and calcium homeostasis, which are vital processes in oncogenesis. However, the cancer-intrinsic function of gp96 remains controversial. Methods: We studied the roles of gp96 in liver biology in mice via an Albumin promoter-driven Cre recombinase-mediated disruption of gp96 gene, hsp90b1. The impact of gp96 status on hepatic carcinogenesis in response to diethyl-nitrosoamine (DENA) was probed. The roles of gp96 on human hepatocellular carcinoma cells (HCC) were also examined pharmacologically with a targeted gp96 inhibitor. Results: We demonstrated that gp96 maintains liver development and hepatocyte function in vivo, and its loss genetically promotes adaptive accumulation of long chain ceramides, accompanied by steatotic regeneration of residual gp96+ hepatocytes. The need for compensatory expansion of gp96+ cells in the gp96À background predisposes mice to develop carcinogen-induced hepatic hyperplasia and cancer from gp96+ but not gp96À hepatocytes. We also found that genetic and pharmacological inhibition of gp96 in human HCCs perturbed multiple growth signals, and attenuated proliferation and expansion. Conclusions: gp96 is a pro-oncogenic chaperone and an attractive therapeutic target for HCC. Ó
Introduction gp96 (also called grp94, endoplasmin, ERp99 or HSP90B1) is an endoplasmic reticulum (ER)-localized paralog of the cytosolic heat shock protein 90 (HSP90). It chaperones and aids in the folding of client proteins including Toll-like receptors [1] [2] [3] , Wnt coreceptor LRP6 [4] , insulin-like growth factors [5] , and integrins [6] [7] [8] . gp96 is also induced under glucose starvation and other stress conditions [9] . Along with grp78, gp96 is an effector molecule of the unfolded protein response (UPR) in the ER lumen [10, 11] . As an adaptive mechanism tailored to cope with the increased burden of misfolded proteins, UPR is initiated through three well-characterized and evolutionally conserved UPR sensors including the double-stranded RNA-activated protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), and the spliced form of X box binding protein 1 (XBP1s) [12] [13] [14] [15] [16] . The three UPR pathways are ultimately responsible for alleviating ER stress by attenuating further translation, increasing ER chaperone machinery and maintaining proper protein quality control in the secretory pathway. As such, gp96 is an integral component of the ER homeostatic machinery and its deletion is expected to result in a burden of misfolded proteins, inducing UPR and ultimately cell death if UPR fails to restore normal physiologic ER function.
The liver is an exocrine and endocrine organ involved in synthesizing a myriad of bioactive molecules in normal and disease conditions, including albumin, coagulation factors, complement proteins, C-reactive protein and many others. In addition, hepatocytes are involved in the detoxification of physiological metabolites including ammonia, bilirubin as well as many xenobiotic substances. Their distinctive anatomical position allows them to receive blood draining the gastrointestinal tract through the portal vein, thus placing them strategically to detoxify absorbed non-physiological toxins. Therefore, hepatocytes are highly metabolic cells with active protein synthesis and secretory machinery, which necessitate adequate ER maintenance wiring and efficient stress-coping mechanisms. This suggests that loss of gp96 in hepatocytes would drastically affect normal physiological functions. More importantly, such reasoning also positions gp96 as an attractive therapeutic target against hepatocellular carcinoma (HCC) given the possibility that gp96 loss might lead to severe ER stress and cell death. However, a recent study has shown that conditional deletion of gp96 and Pten from mouse livers using Albumin-Cre mice increased liver tumorigenesis [17] . This was attributed to the hepatocyte loss of surface integrins and cellular adhesion, and expansion of liver progenitor cells. However, the gp96 status of these tumors was not examined, which makes the field ponder if gp96 plays a pro-oncogenic or tumor-suppressive role. This point is important to resolve, because a tumor-suppressive role of gp96 would have been incompatible with the widely reported correlation between over-expression of gp96 in human cancers and poor clinical prognosis [18] [19] [20] .
Herein, by crossing the same Albumin-Cre mice used in the recent study [17] with our independently generated gp96-floxed mice [1] , we systemically studied the roles of gp96 in liver biology. Since Albumin-Cre mediated deletion was never 100% efficient, gp96+ and gp96À hepatocytes were present in the same host, which presented to us a unique system to address the liverintrinsic roles of gp96. We found that the KO mice were more susceptible to hepatocyte carcinogenesis, but the developing tumors were exclusively gp96+, due to a compensatory expansion of the residual WT hepatocytes. Furthermore, we also discovered that an asynchronous gp96 loss was associated with elevated ceramides in KO hepatocytes, and appearance of macro/micro-vesicular steatosis in the expanding WT cell population, thus linking liver regeneration with increased sphingolipid biogenesis for the first time. Finally, the pro-survival roles of gp96 were also supported by our findings that genetic and pharmacological inhibition of gp96 in human HCC cell lines significantly abrogated their growth.
Materials and methods

Mice
Liver-specific gp96 KO mice were generated by crossing Albumin-Cre mice [21] with Hsp90b1 flox/flox mice [1, 7, 22] to obtain Albumin-Cre Hsp90b1 flox/flox mice. All animals were maintained as per the guidelines of the Institutional Animal Care and Use Committee at the Medical University of South Carolina (MUSC).
Liver function tests
Serum levels of alanine aminotransferase (ALT) and total bilirubin were measured at the Yale University Mouse Metabolic Phenotypic Center. Serum was collected by bleeding the mice by cardiac puncture and allowing blood to coagulate for 30 min at room temperature in the dark to maintain bilirubin stability, followed by centrifugation at 5000xg to remove the pellet.
Immunohistochemistry
Livers were fixed in formalin and dehydrated in 30% sucrose-PBS, then embedded in OCT for subsequent cutting into 5 lm sections using a cryotome, as described [4] . For staining, sections were fixed for 10 min by acetone at À20°C, washed with PBS and then permeabilized with methanol for 5 min at À20°C. Sections were then washed with PBS. The endogenous peroxidase was quenched with 3% H 2 O 2 for 5 min and blocked with 2% normal goat serum for 2 h at room temperature. Primary antibodies, such as gp96 antibody (9G10, Stressgen) and Ki67 antibody (NB110-89717, Novus Biologicals), were applied for 1 h at room temperature, followed by incubation with secondary antibodies and avidin-HRP from the ABC Systems of Vector BioLabs.
Sphingolipid quantification
Sphingolipid levels were measured by the high-performance liquid chromatography/mass spectrometry (LC-MS/MS) methodology as previously described [23] . Analytical results of lipids were expressed as pmol of lipids/total cellular protein (pmol/mg).
MALDI imaging
MALDI (matrix-assisted laser desorption ionization) imaging was performed as previously described [24] . Briefly, MALDI-FTICR imaging mass spectrometry (MALDI-IMS) was utilized for on-tissue detection and spatial localization of ceramides and sphingolipids in liver tissues from gp96 knockout or WT mice. 2,5-Dihydroxybenzioc acid (DHB), and trifluoroacetic acid were obtained from Sigma-Aldrich (St. Louis, MO). HPLC-grade methanol, ethanol, and water were obtained from Fisher Scientific. Indium tin oxide (ITO)-coated slides were purchased from Bruker for MALDI-IMS experiments. Whole excised livers were placed in weigh-boats and rapidly frozen with liquid nitrogen in the vapor-phase for 2 min and stored at À80°C until sectioning. Tissues were sectioned at 14 lm thickness. Samples were mounted on ITO coated slides, and desiccated at room temperature for 20 min. An ImagePrep spray station (Bruker Daltonics) was used for addition of Dihydroxybenzoic acid (DHB) matrix at a concentration of 0.2 M in 50% methanol and 0.1% trifluoroacetic acid (TFA). Spectra were acquired in positive mode across the entire tissue section on a Solarix dual source 7T FT-ICR mass spectrometer (Bruker Daltonics) to detect the lipid species of interest (m/z 200-1200) with a SmartBeam II laser operating at 1000 Hz, a laser spot size of 25 lm, and a raster width of 75 lm. For each laser spot, 400 spectra were averaged. Images of differentially expressed lipids were generated using FlexImaging 4.0 software (Bruker Daltonics). Following MS analysis, data was loaded into FlexImaging Software focusing on the m/z range 200-1200 and reduced to 0.99 ICR Reduction Noise thresholds. All data was normalized using root means square.
Myriocin treatment
Inhibition of de novo sphingolipid synthesis was done by intra-peritoneal injection of WT and KO mice with the serine pamitoyltransferase (SPT) inhibitor myriocin, at a dose of 0.3 mg/kg body weight every 48 h for 16 days [25] . Myriocin was dissolved in DMSO and further diluted 10 times in PBS before injection into mice.
Liver carcinogenesis
Liver tumors were induced by injecting 15 day-old pups with 25 mg/kg diethylnitroso-amine (DENA) before weaning or genotyping [26, 27] . Mice were followed for 34 weeks until sacrifice. Tumor quantification was performed by counting grossly visible surface tumor nodules.
Hepatoma cell growth assays
Hepatoma cell lines were tested via MTT assay by plating 6 Â 10 3 cells/well in a 96well plate and adding 0.5 mg/ml of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazoliumbromide] at the designated time points for 3 h at 37°C. Cells were then dissolved by 100 ll DMSO and absorbance was read at 595 nm. For the carboxyfluorescein succinimidyl ester (CFSE) dilution assay, cells were incubated with 5 lM CFSE in PBS at room temperature for 10 min in the dark, followed by washing with complete media and PBS. Where indicated, cells were treated with IL-6 (10 ng/ml), TWS119 (750 nM), LiCl (25 mM), tauroursodeoxycholic acid (TUDCA) (25 lM), 4-phenylbutyric acid (1 mM), IGF-1 (100 ng/ml), myriocin (50 ng/ml) and/or hepatocyte growth factor (HGF) (140 ng/ml). To knockdown gp96, HepG2 cells were transduced with a lentivirus encoding gp96 shRNA or scrambled shRNA (from Open Biosystems), as described previously [20] . Starting 2 days after transduction, transduced cells were selected with 2 lg/ml puromycin for 3 days.
Microarray analysis
HepG2 cells were cultured with WS13 (10 lM) for 24 h and RNA was harvested using RNeasy Plus Mini Kit (Qiagen). cDNA gene expression analysis was performed on a OneArray chip by Phalanx Biotechnologies. Differentially expressed genes were mapped into biological processes using KEGG Pathways and DAVID databases. Heat maps were generated using HeatMapViewer software from Broad Institute.
Statistical Analysis
Two-way ANOVA was used for comparing weight curves. Otherwise, two-tailed t test was used for all other comparisons. Error bars represent standard error of the mean (SEM) unless otherwise specified. ⁄ p <0.05, ⁄⁄ p <0.01, ⁄⁄⁄ p <0.0001.
Results
Hepatocyte-specific deletion of gp96 results in compromised liver function and nodular steatosis
To study the role of gp96 in liver homeostasis, we crossed Albumin-Cre and Hsp90b1 flox/flox mice to generate Albumin-Cre Hsp90b1 flox/flox offspring (KO mice) in C57BL/6 background, which demonstrated deletion of gp96 (Hsp90b1) in the liver (Fig. 1A) . KO mice did not appear grossly abnormal, were fertile and survived for over 12 months. They manifested mild elevation of serum total bilirubin, indicative of a compromised but well-compensated baseline liver function (Fig. 1B) . The liver in young KO mice was atrophic, weighing around 50% of WT liver weight at 6 weeks (Fig. 1C ). Curiously, as mice aged, the liver weight of KO mice caught up with that of WT mice, resulting in no significant difference between the two groups at around 1 year of age ( Fig. 1C ). Strikingly, gross examination of KO livers revealed apparent surface fatty nodules ranging between 1 and 2 mm in diameter ( Fig. 1D ) in both male and female mice. Hematoxylin & Eosin staining demonstrated both micro-and macro-vesicular steatotic appearance (Fig. 1E ). The fat content of the nodules was confirmed by a positive Oil Red O staining ( Fig. 1F ). There was no significant fibrosis/cirrhosis with the KO livers based on lack of picrosirius red staining ( Supplementary Fig. 1A ). Baseline analysis also revealed a slight elevation of selective ER stress response genes, including ATF6 and CHOP in both young (3 month old) and old (1 year old) mice ( Supplementary Fig. 1B and C) . We saw no significant apoptotic cells in the nodule by TUNEL assay (data not shown).
Loss of gp96 in hepatocyte results in age-dependent expansion and steatosis of residual WT hepatocytes
Unexpectedly, immunohistochemical staining for gp96 in KO livers showed the steatotic nodules to be exclusively gp96+ and the adjacent non-steatotic hepatocytes to be devoid of gp96 (gp96À) ( Fig. 2A) . The presence of both gp96+ and gp96À cells in the same livers presented us a unique opportunity to compare the two cellular populations kinetically and determine the intrinsic roles of gp96 in hepatocyte biology. Following those KO mice over time, from 6 weeks till 1 year, we found that gp96+ cells were enriched with age: <5% at 6 weeks, 42% at 3 months and 90% at 1 year ( Fig. 1B) . Moreover, staining for Ki67 in 3 month old mouse livers demonstrated higher proliferative rates in gp96+ nodules compared to adjacent gp96À hepatocytes in KO mice or normal hepatocytes from WT mice ( Fig. 1C and D) , indicating that the remaining gp96+ cells in the KO livers are under pro-proliferative pressure resulting in higher Ki67 expression and enrichment with age. Thus, in the absence of gp96, hepatocytes suffered from significant growth disadvantage, which allowed a small number of hepatocytes with unsuccessful Cre-mediated gp96 deletion to take over the entire organ. The rapid expansion of these WT cells did have metabolic consequences as they were found to have a striking steatotic picture with significant accumulation of lipids intracellularly. 
WT
Derangement of sphingolipid metabolism in the livers of the KO mice
Bioactive sphingolipids play important roles in regulating cell survival and death [28] . For examples, there is a link between the role of glycoceramides and hepatic steatosis in ob/ob mice fed with high-fat diet [29, 30] . Ceramide accumulation has also been implicated in alcohol-related steatohepatitis [31, 32] . We thus turned our attention to the possible beneficial roles of sphingolipids that contribute to both the nodular steatosis and the expansion of residual gp96+ cells in the liver of KO mice. We utilized a MALDI imaging technique to quantify sphingolipid level in liver tissue sections in situ, which allowed us to simultaneously examine the structure of the liver parenchyma. Strikingly, the KO livers contain higher levels of sphingolipids including C18 ceramide and sphingosine-1-phosphate (Sph-1P) than WT counterparts, which were especially more prominent in the fatty nodules in the KO livers ( Fig. 3) . We next quantified the levels of ceramides and Sph-1P in the liver lysates by mass spectrometry. As expected, KO livers contained significantly higher levels of multiple long chain ceramide entities compared to the WT livers (Fig. 4A ). In addition, a quantitative PCR mini-array of genes for 40 sphingolipid metabolic enzymes showed selective enzymes to be up-regulated in KO livers at the mRNA level, including ceramide synthase 1 (Cers1), alkaline ceramidase 1 (Acer1), sphingomyelin phosphodiesterase 5 (Smpd5), and serine pamitoyltransferase (SPT) LC3 (Sptlc3) (Fig. 4B ). Ceramides are potent inducers of cellular apoptosis, and multiple mediators have been shown to propagate this proapoptotic effect, including ceramide activated protein kinase (CAPK) [33] , cathepsin D [34] and protein phosphatases 1 and 2A (PP1 and PP2A) [35, 36] . The accumulation of ceramides in KO liver and the elimination of gp96À cells as the mice age suggest that the higher ceramide levels in KO cells contribute to their demise with time.
Next, we tested the possibility that de novo ceramide synthesis plays a role in the accumulation of fat in the adjacent gp96+ nodules. Two month old female mice were injected with the SPT-specific inhibitor myriocin every 48 h for 16 days, to block the rate-limiting step of de novo ceramide synthesis. Indeed, myriocin treatment resulted in a significant reduction in the number of surface steatotic nodules (Fig. 4C ). However, blocking ceramide synthesis with myriocin resulted in hepatocyte injury as shown by a 3-fold elevation in serum ALT levels (Fig. 4D) , compromised hepatocyte function evidenced by >8-fold increase in total bilirubin (Fig. 4E ) and reduced liver mass (Fig. 4F) . Taken together, our data support two important principles in the roles of sphingolipids in hepatocyte biology. First, gp96 negatively regulates the biogenesis of long chain ceramides, which is a part of an adaptive process to overcome their survival disadvantage in the case of ongoing ceramide overload. Second, de novo sphingolipid biosynthesis can either directly or indirectly predispose hepatocytes to undergo steatotic changes.
Liver-specific knockout of gp96 increases the tumorigenicity of adjacent gp96+ hepatocytes
A recent study demonstrated that conditional deletion of gp96 and Pten from mouse livers using Albumin-Cre mice increased liver tumorigenesis [17] . However, cDNA microarray analysis of gp96 expression in cancer and adjacent normal tissue from a publicly available dataset [37, 38] showed over-expression of gp96 in HCC (Fig. 5A) . Moreover, increased expressions of gp96 in multiple cancer types have been reported to correlate with poorer prognosis [18] [19] [20] . We next decided to definitely determine whether gp96 is an oncogenic chaperone or a tumor suppressor, using a well-established liver carcinogenesis model. Fifteen day old male and female pups were injected with the carcinogen diethyl-nitrosoamine (DENA) intraperitoneally and monitored for 34 weeks until sacrifice. At this time point, all male mice were expected to develop liver tumors ranging from microcarcinoma to visible lesions [27] . KO mice displayed an increased number of surface tumors, and a bigger tumor burden (number of nodules Â average nodular size) ( Fig. 5B and C) . All of the WT males developed tumors, but with an average of only 4.5 tumors/mouse, compared to 27 tumors/mouse in KO males (p <0.005). As for the females, only 1 out of 6 WT females developed a tumor, compared to 11 of 11 KO females. The average tumor number was 0.167 tumors/mouse in WT females compared to 6 tumors/mouse in KO females (p <0.001). This demonstrates a strong predisposition for tumorigenesis in KO mice. Consistent with the increased susceptibility to cancer in KO mice, each of KO males and females showed less gain of body weight than WT males and females, respectively (p <0.05) ( Fig. 5D ) and more elevation in serum ALT, indicative of more severe cancerassociated hepatocyte injury (Fig. 5E ). Importantly, both WT and KO tumors were positive for albumin by immunofluorescent stain, consistent with the hepatic origin of the cancers (Supplementary Fig. 2 ). Strikingly however, although KO mice were more susceptible to DENA-induced tumors, their tumors were almost exclusively gp96+ (Fig. 5F ). This is consistent with our observation that gp96À cells are at a survival disadvantage. Given that the gp96+ cells in KO mice have higher proliferation rates at baseline, this could render them more susceptible to mutations and subsequent transformation, resulting in the gp96+ tumors being more prevalent in KO livers. The mere proliferative drive of WT cells in the KO livers could by itself result in a bigger tumor toll as well, without necessarily accumulating more mutations. This proliferative drive in the gp96+ cells in KO livers is reflected by the increased levels of hepatocyte growth factor (HGF) in adjacent non-cancerous tissue (Fig. 5G) . Importantly, HGF is not elevated in KO livers at 6 weeks of age, when the vast majority of hepatocytes are still gp96À (Fig. 5H) .
Days post-injection
gp96 is indispensable for hepatoma cell growth and is a promising therapeutic target against HCC
Given the survival disadvantage of gp96-deficient cells in KO mice at baseline and upon cancer induction, we reasoned that targeted inhibition of gp96 in established HCC would be detrimental for those cells. Therefore, two human HCC cell lines, HepG2 and PLC, were treated with a purine scaffold-based selective inhibitor of ATP-binding and ATPase activity of gp96, WS13 [20] , for 5 days. Inhibition of gp96 resulted in significant attenuation in the expansion of both cell types by a MTT assay ( Fig. 6A and B ). Further analysis of HepG2 cells after 3 days of treatment with WS13 showed a significant reduction in the Wnt signaling pathway, reflected by lower levels of total b-catenin and its downstream target cyclin D1 (Fig. 6C ). WS13-treated cells also expressed lower levels of HGF, accompanied by a reduction in the levels of cell growth signals including p-ERK1/2, p-AKT, and p-STAT3, which are some of the key downstream targets of HGF (Fig. 6C) . As a readout for ER stress, qRT-PCR was performed on WS13-treated cells, which showed moderate elevation of expression of genes in the unfolded protein response pathway, including ATF4 and CHO ( Supplementary Fig. 3 ).
Autophagy is an adaptive cellular mechanism essential for cellular survival at baseline and under stress conditions. We found that inhibition of gp96 in HepG2 cells resulted in the reduction of beclin1, indicating a compromise in the auto-phagocytic function of those cells. Full-length PARP, which is involved in DNA repair, is also decreased upon gp96 inhibition, which correlates with the cellular commitment to death, where severely damaged cells stop DNA repair machinery and commit to the apoptotic pathway. gp96 inhibition in PLC cells also resulted in the down-regulation of b-catenin, PARP and Beclin1 (Fig. 6C) , while HGF and its downstream signaling molecules were already minimally expressed at baseline.
Consistent with our pharmacological data, knocking down (KD) gp96 from HepG2 cells by shRNA lentiviral transduction resulted in a significant attenuation of cellular division, as evidenced by the minimal CFSE dilution at day 3 (Fig. 6D ). This was associated with increased levels of cell death, shown by propidium iodide staining (Fig. 6E) . Therefore, loss of gp96 function in hepatoma cell lines results in the reduction of cellular division and rise in cell death, leading to the overall attenuation of cell expansion. In addition, gp96 KD HepG2 cells were inert to the stimulation by HGF, which had no effect on cellular division, whereas HGF treatment of scrambled shRNA-transduced cells further promoted cellular proliferation (Fig. 6D ). To determine whether any of the defective Wnt signaling or ER homeostasis pathways played a role in this phenomenon, WS13-treated or gp96 knockdown hepatoma cells were treated with the GSK3b inhibitors TWS119 and LiCl [20] , and chemical chaperones tauroursodeoxycholate (TUDCA) and 4-phenyl butyric acid (PBA) [39] . None of these interventions or their combination was sufficient to rescue the hepatoma cell growth. Given the roles of IL-6, IGF-1, and HGF in hepatocyte regeneration and hepatoma cellular survival [40] , we also attempted but were unable to rescue the growth defect of WS13-treated and/or gp96 KD hepatoma cells by supplying these molecules exogenously ( Supplementary  Fig. 4 ). Collectively, we conclude that gp96 regulates hepatocyte biology via multiple pathways.
Concordant with the ceramide changes seen in vivo, WS13treated HepG2 hepatoma cells accumulated different species of d18 and d16 ceramides, mostly in the long chain and very long chain ranges ( Fig. 6F and G) . In parallel, PLC and HepG2 cell lines demonstrated up-regulation of SPTLC1, SPTLC2 and/or SPTLC3, 3 enzyme subunits involved in the rate-limiting step of de novo ceramide synthesis (Fig. 6H and I) . To determine the early events occurring in hepatoma cells after gp96 inhibition and that could contribute to their growth arrest, HepG2 cells were treated with the gp96 inhibitor WS13 (10 lM) for 24 h, and their gene expression profile was analyzed using a whole genome human cDNA microarray. Inhibition of gp96 resulted in the up-regulation of 148 genes and down-regulation of 59. The up-regulated genes were most highly enriched for metabolism-related ones such as cytochrome P450 enzymes and those involved in organic acid catabolism (ACSM5, ACSS2, SAT2, and BDH1) ( Fig. 6J ). More importantly, nine of the down-regulated genes were involved in cell cycle, eight of which take part in the mitotic phase in particular ( Fig. 6K) , which potentially explains the growth arrest observed in gp96 KD and WS13-treated cells.
Discussion
gp96 plays a pivotal role in cellular physiology, due to its role in metabolic stress [41] , ER quality control [9] , calcium homeostasis [42] , IGF production and signaling [43] , Wnt pathway [4] and others. It is up-regulated in liver diseases where significant metabolic pressure and cellular proliferation are present, including HCC, liver cirrhosis and hepatitis B viral infection [44] . Therefore, loss of gp96 function, whether in normal physiological conditions or in disease, is expected to incur a huge toll on the cellular well-being, especially in highly synthetic and metabolically active cells such as hepatocytes and cancer cells.
Herein, we performed hepatocyte-specific deletion of gp96 by crossing hsp90b1 flox/flox mice with Albumin-Cre mice. Our strategy was efficient, as we achieved more than 95% deletion of gp96 in $6 week old KO mice, analyzed by immunohistochemistry ( Fig. 2B ). However, Cre-mediated recombination was not 100% faithful leaving out a small but definitive percentage of residual hepatocytes to retain gp96 expression. Due to this asynchronous deletion of gp96 in hepatocytes in our model, we were able to discern the hepatocyte-intrinsic roles of gp96 in the baseline hepatic function as well as during the hepatic carcinogenesis. Remarkably, we found that gp96 deletion in hepatocytes positioned them at a tremendous growth disadvantage in that the percentage of gp96À hepatocytes in the KO mice decreased from over 95% in young mice ($6 weeks old) to less than 5% when mice reached 1 year old. During this period of adaptation, a variety of novel metabolic disarrangements were uncovered, which shed significant light on the roles of gp96 in hepatic steatosis and cancer (Fig. 7) . First, regenerating gp96+ hepatocytes underwent remarkable steatotic changes, which raises an intriguing possibility of increasing metabolic demand to the liver as the underlying uniform mechanism for all other non-alcoholic steatohepatitis. Second, the abrogation of gp96 by both genetic and pharmacological means was associated with an elevation of long chain ceramides, and upregulation of a number of enzymes in the biogenesis of ceramides. This finding suggests that gp96 plays previously unrecognized roles in maintaining sphingolipid homeostasis. Further studies of the underlying mechanisms may prove to be fruitful, particularly related to the possibility of gp96 in regulating key enzymes in the sphingolipid biogenesis and catabolism, as well as the emerging cross-talk between sphingolipid biology and unfolded protein response. Importantly, ceramide accumulation in gp96À cells and gp96+ cells in the KO liver was shown to contribute to hepatic steatosis in gp96+ cells, suggesting paracrine signaling via sphingolipids as an important mechanism for nodular steatohepatitis. Third, regenerating gp96+ hepatocytes were more predisposed to carcinogenesis, which was associated with increased production of HGF from the surrounding tissues ( Fig. 5G ). Persistent signaling from HGF through its receptor c-MET is known to promote HCC [45] .
Our genetic study demonstrates that gp96 is required for de novo hepatic oncogenesis, which took more than 6 months to develop. Acute inhibition of gp96 either pharmacologically or genetically was also shown to be effective against hepatic cancers (Fig. 6 ). The underlying mechanisms most likely are multi-factorial, given the fact that gp96 is an obligated chaperone for a variety of key signaling pathways such as Wnt [4] , integrin [3, 6] , and insulin-like growth factor [5, 46] , besides its roles as an important effector molecules in the unfolded protein response pathway [10, 11] . Not surprisingly, activating any one of these pathways alone was unable to rescue cell death in response to pharmacological inhibition of gp96.
Our study has significant implications in the pathogenesis of hepatic steatosis and neoplasms in general. It suggests that there is a common denominator for the two processes: i.e. liver regeneration. We propose that chronic underlying liver injuries of viral, metabolic, alcoholic, drug-induced or any other etiologies will result in a compensatory liver regenerative process, which, if continuous in a protracted period of time, becomes a driving force for steatosis and regenerative neoplasms. Many of the studies in the field are consistent with this model [47] [48] [49] [50] [51] [52] [53] .
A recent study also demonstrated that hepatocyte deletion of gp96 in Albumin-Cre HSP90b1 flox/flox mice promoted oncogenesis in response to Pten genetic deletion from hepatocytes, which was attributed to the expansion of liver progenitor cells [17] . In the current work, we observed a similar phenomenon of increased tumorigenesis in the KO mice in response to a chemical carcinogen. The status of gp96 expression in PTEN-loss tumor was not reported [17] , whereas in our carcinogenesis model, almost all of the tumors developed in the KO background were nonetheless gp96+. The development of gp96+ tumors but not gp96À tumors in the same mice allowed us to conclude that gp96 plays an intrinsically tumor-promoting role in HCC. Our findings are also consistent with multiple previous studies demonstrating that liver-specific knockout of pro-tumorigenic genes including another ER chaperone, grp78, could result in paradoxical enhancement of tumorigenesis, where the tumors arose from cells that have escaped Cre-mediated deletion of the target gene [47, 54, 55] .
Altogether, our study demonstrated that gp96 is an oncogenic chaperone in hepatocyte carcinogenesis. The clinical relevance of our study is many-fold, not the least of which is the significant over-expression of gp96 in HCC and the availability of gp96-selective inhibitor. Due to the roles of gp96 in chaperoning multiple strategically important oncogenic clienteles such as integrin, Wnt co-receptor, IGF1 and TLR, gp96-targeted therapy may prove to be a promising therapeutic modality for liver cancer.
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